Age has not been sufficiently explored as a variable that can influence circadian periodicity. The present experiments (1) re-evaluated changes in hamster circadian period with age while controlling for access to wheels; (2) studied whether the limits of entrainment differ between young and old animals; and (3) examined whether age influences the probability of rhythm splitting under prolonged constant light conditions. The circadian wheel-running period shortened with age, generally regardless of prior wheel access. Access to wheels was associated with increased weight gain, and animals with prolonged access to wheels died younger than animals without wheel access. These two measures may have been related to the
housing conditions associated with wheel access. Although equal proportions of young and old hamsters entrained equally to all T-cycles used, loss of entrainment to long T-cycles was more rapid for old than for young animals. About 60% of young animals showed rhythm splitting, compared to 7% of old animals. The data are consistent with the observation that the circadian rhythm period of the male hamster shortens with age.
The elderly human is widely acknowledged to have altered sleeping patterns (Miles and Dement, 1980) . In particular, healthy older people (1) tend to sleep more frequently during the day (Miles and Dement, 1980) ; (2) go to sleep earlier in the evening while waking earlier in the morning than do younger people (Kamei et al., 1979; Tune, 1969) ; (3) possibly resynchronize more slowly to a new time after a phase shift (Sollberger, 1965) ; (4) show a greater frequency of respiratory anomalies during nocturnal sleep; and (5) have a greater number of nocturnal sleep interruptions (Miles and Dement, 1980) . The first three items can easily be construed as reflecting an altered biological rhythm system in elderly people, which may be causative of certain sleep-activity problems associated with aging.
Despite the foregoing observations, there has been very little effort to study biological rhythms in either aging humans or other mammals. The most widely cited article (Pittendrigh and Daan, 1974) indicates that the circadian period (T) of the golden hamster and two species of deer mice shortens with age. More recently, T was found to lengthen in two strains of house mice (Wax, 1975;  Davis and Menaker, 1981; Welsh et al., 1986) , although there may be exceptions to this observation (Pittendrigh and Daan, 1976a) . Unusual lighting conditions prevailed during or prior to the measurement of the circadian period in some of these studies (Pittendrigh and Daan, 1974; Wax, 1975 ; Davis and Menaker, 1981) , and an effect of photoperiod history cannot be eliminated as a contributor to the period measurements. In addition, circadian periodicity was assessed by measuring the wheel-running rhythm. Access to wheels is known to alter T in hamsters (Aschoff et al., 1973; Pratt and Goldman, 1986) . Data from old rats indicates that the locomotor rhythm may shorten (Mosko et al., 1980; Van Gool et al., 1987) , and it may (Rosenberg et al., 1980) or may not (Peng et al., 1980 ) take a longer time to re-entrain after a phase shift. The activity patterns of old mice may also show more high-frequency rhythm components than do the robust circadian rhythm patterns seen in younger animals (Wax, 1977) .
The present experiments were designed to evaluate whether (1) T changes with age in hamsters with known and controlled photoperiod and wheel access histories;
(2) whether age-related changes in T might be expressed in the limits of entrainment of young versus old hamsters; and (3) whether age modulates susceptibility to constant light (LL) induction of circadian rhythm &dquo;splitting&dquo; (Pittendrigh and Daan, 1976b ).
MATERIALS AND GENERAL METHODS
Male, outbred hamsters were purchased from Charles River/Lakeview. Upon arrival in the laboratory, all animals were housed under a light-dark cycle with 14 hr of light (LD 14:10;  lights-on at 0600 EST). Purina RHM food and water were available at all times.
In Experiment 1, the animals were blinded and remained in a room with an LD cycle. Access to a wheel was determined according to a schedule described below. In Experiments 2 and 3, the animals were individually housed in running-wheel cages placed in light-tight boxes. Each box had its own light cycle and held either three or five cages. These experiments used animals of two distinct ages. In order to minimize possible effects of local lighting variability on the responses to be measured, the position of young and old animals in the boxes alternated (young, old, young, old, etc.) beginning with location 1 of the animal cages. Light intensities averaged 51 ± 3 ~ W/cm2 (156 ± 9 lux). Activity rhythms were recorded from animals housed in translucent polypropylene cages (48 x 27 x 20 cm), each containing a 17-cm diameter running wheel and Sanicel corncob bedding on a solid floor. In Experiment 1, wheel-running records were collected using Esterline-Angus event recorders. Each day's data were pasted on a chart below the preceding day's data. In Experiments 2 and 3, wheel running was continuously monitored by computer. Data were plotted in the standard actogram format. Circadian period was visually estimated from a straight line through 15-20 consecutive activity onsets. Statistical probabilities are based on two-tailed tests unless otherwise stated.
EXPERIMENT 1 METHOD Male hamsters, born at the supplier's, arrived in the laboratory at 21 days of age and were immediately placed under LD 14: 10 (lights-on at 0600 EST). For 1 week, the animals were kept in groups of five in clear plastic cages (48 x 27 x 20 cm) with sawdust bedding. All animals were then individually housed in standard laboratory stainless steel hanging cages (17.8 x 25.4 x 17.8 cm) with 1.2-cm-mesh hardware cloth bottoms. After 1 week, each animal was anesthetized with Metofane, weighed, and bilaterally enucleated, then returned to its hanging cage until the time for transfer to a running-wheel cage.
Five groups (n = 15 each) were then created by random selection of animals. Animals in Group 1 were individually housed in running-wheel cages from the age of 7 weeks until death. Group 2 animals were placed with wheels at 21 weeks of age; Group 3 at 50 weeks of age; Group 4 at 79 weeks of age; and Group 5 at 107 weeks of age. Each of the latter four groups remained in wheels for 14 weeks. T during a 20-day interval was measured after 35 days, and after 80 days with wheels for Groups 2-5 and at corresponding times for Group 1. Within-group comparison (dependent t tests) Of T's at different ages used data only from those animals surviving to the older age. In order to evaluate rhythm changes antecedent to death, the last 45 days of activity for animals in Group 1 were compared with the immediately preceding 45 days. Activity was assessed with respect to phase changes and quality of the rhythm. The latter was judged on a scale of 0-5, with 0 = &dquo;no rhythmicity discernible&dquo; and 5 = &dquo;very precise running onsets with heavy activity&dquo; (Morin and Cummings, 1982) . Figure 1 shows the relationship between T and age. There was a clear shortening of the period as the animals grew older. Group 1 had an average T of about 24.25 hr at age 15 weeks, beginning by week 26, the average T began to shorten. This continued FIGURE 1. Circadian period of aging, blinded hamsters. Filled circles indicate animals with continuous access to wheels. All other groups had wheels only during a 100-day period corresponding to the ages shown. See text for details. Open circles, Group 2; open triangles, Group 3; filled triangles, Group 4; filled squares, Group 5. through the lifetime of the individuals. In Group 1, change in T was available from 58 measurements after week 26, and only 17% of the cases represented T increases relative to the preceding measurement. This trend was evident by week 34, when 10 of 10 surviving animals had a shortened T compared to week 26. T at week 26 was not correlated with longevity (r = 0.18). The behavior of Group 2, however, indicated that wheel access may complicate the relationship between age and T for middle-aged animals. At 26 weeks of age, after access to wheels for only 35 days, Group 2 average T was 24.39 ± 0.06 hr, compared to 24.25 ± 0.04 hr for Group 1 animals, which had had wheel access for 19 weeks (t = 1.834, df = 26, p < 0.05, one-tailed). Group 2 T significantly shortened during the 14 weeks of wheel access (final T = 24.24 ± 0.05 hr; t = 2.75, df = 12, p < 0.02). At this time, the Group 2 T did not differ from T for Group 1. Neither did Group 3 differ from Group 1 at either of the two T measurements. However, T of the Group 3 animals significantly shortened across the 14 weeks of wheel access (initial T = 24.10 ± 0.03 vs. final T = 24.02 ± 0.03; t = 4.90, df = 8, p < 0.02). There were no other significant differences, although data were available from only six surviving animals in Group 4 and three in Group 5.
RESULTS

CIRCADIAN PERIOD
Maximum rhythm quality during the last 45 days preceding death of the Group 1 animals was 3.8 ± 0.2; during the last 20 days the quality was 3.1 ± 4.9. These values did not differ from similar evaluations made during an equivalent interval immediately prior to the last 45 days (3.6 ± 0.3 and 3.6 ± 0.3, respectively). However, during the last 5 days of life, the rhythm quality dropped to 2.6 ± 0.3, compared to 3.7 ± 0.3 during the 5-day comparison period 45 days earlier (t = 3.16, df = 13, p < 0.01). The activity rhythm of one animal was so disrupted that it could not be adequately evaluated after about 7 weeks with a wheel. There were no unusual changes in the rhythmicity of Group 1 animals immediately prior to death. However, there was a greater likelihood of phase shifts occurring during the 45 days prior to death. Of 14 animals, 9 showed a phase jump during this time. Of the 9, 8 animals had a phase advance, and the average phase change of all shifting individuals was 51 1 ± 18 min. In contrast, only 3 of these animals showed a phase jump during the 45-day comparison period (p = 0.06, Fisher's exact test; mean phase advance = 8 ± 33 min). The last phase change occurred an average of 21 ± 5 days before death.
LONGEVITY AND BODY WEIGHT Figure 2 shows the proportions of Group 1 and Group 5 animals alive during the experiment. Animals without wheel access lived longer compared to the animals with continuous wheel access. At weeks 90 and 100, the proportion of Group 5 animals still alive was significantly greater than the proportion for Group 1 (p < 0.01, Fisher's exact test). Average life span was also different for the two groups: for Group 1 versus Group 5, 59.7 ± 6.0 weeks vs. 82.9 ± 8.2 weeks (t = 2.29, df = 28, p < 0.05). Figure 3 shows the course of weight gain throughout the experiment. Animals were weighed first when the groups were created and at times corresponding to access to, or removal from, the running-wheel cages for one of the participating groups. Weight data from Group 5, week 93, were lost. Despite the age-related decrease in number of individuals per group at each evaluation point, one feature FIGURE 2. Proportion of blind hamsters with (filled circles) and without (filled triangles) access to running wheels which are alive at different ages. Numerals I-V identify the treatment groups (Groups 1-5) as defined in the text. The histogram bars indicate the proportions of animals in Groups 2-4 alive at the time wheel access began. emerged very clearly: Animals with wheel access gained more weight than animals without wheel access. At 36 weeks, after Group 2 had had wheel access for 14 weeks, both it and Group 1 (continuous access) had gained significantly more weight per week than each of the remaining groups (t tests, p < 0.001 in each case). Group 1, which had had access to wheels for 14 more weeks than Group 2, had gained significantly more weight per week (t = 2.467, df = 21, p < 0.05). At week 50, the rate of weight gain was not different between any two groups. However, when Group 3 was given wheel access, its rate of weight gain increased significantly (week 50 vs. week 64: t = 4.854, df = 6, p < 0.01), and this rate of gain was significantly greater than that of each of the remaining groups (t tests, p < 0.001 in each case). At week 79, Groups 4 and 5 (neither of which had yet had access to wheels) did not differ in the rate of weight gain, but during wheel access, Group 4 significantly increased its rate of gain (week 79 vs. week 93: dependent test, t = 4.535, df = 4, p < 0.02).
EXPERIMENT 2
METHOD
SHORT T-CYCLE Retired breeders arrived in the laboratory at the age of 26 weeks. Young animals were 5 weeks old at the time of arrival in the laboratory. Both groups of animals were individually housed in hanging stainless steel cages under LD 14: 10. Three months later, all animals were individually housed in running-wheel cages. After 1 month with wheel access in LD 14: 10, the animals were divided into groups according to age and T-cycle. Three short-period T-cycles were used: LD 1:22.4, LD 1:22.2, and LD 1:22.0. The old animals were 36 weeks old and the young animals were 16 weeks old at the start of the experiment.
LONG T-CYCLE
Retired breeders arrived in the laboratory at the age of 36 weeks. Young animals were 5 weeks old upon arrival in the laboratory. Both groups were individually housed in hanging stainless steel cages under LD 14 : 10. After about 1.5 months, each animal, still in LD 14: 10, was placed in a running-wheel cage. After 2.5 months with wheel access, the animals were divided into groups according to age and T-cycle. Three T-cycles were used: LD 1:23.5, LD 1:23.7, and LD 1:23.9. The old animals were about 52 weeks old at the start of the experiment; the young animals were 20 weeks old.
The two procedures described above were run sequentially as facilities became available. However, problems with the computer system software development accounted for 4 weeks of the age disparity between the animals with long and short T-cycles and forced the loss of data during weeks 2 and 3 for the animals with short T-cycles. Despite this, the records were adequate for discerning which animals failed to entrain. Most of the information about latency to entrainment loss was lost, however. Table 1 compares entrainment of young and old animals to each of the T-cycles. There were no differences of proportion between groups during the time the animals were exposed to the T-cycles (30 days for the long T-cycles; 80 days for the short T-cycles).
RESULTS
Latency to entrainment loss did differ between the two ages for the two longer T-cycles. The average latency for old animals was shorter in each case: for T = 24.7, 13.35 ± 0.9 days versus 16.0 ± 0.4 days (t = 2.76, df = 14, p < 0.02); for T = 24.9, 11.4 ± 0.3 days versus 12.5 ± 0.4 days (t = 2.08, df = 18, p < 0.05, one-tailed; the latter group excludes one old animal that apparently never entrained). Latencies to entrainment loss were available for four young and two old animals in T = 23.0. The young animals had latencies of 22, 23, 24, and 29 days; the old animals had latencies of 21 and 22 days. In addition, there was one young animal in T = 23.2 with a measurable latency of 21 days. Comparison of the effects of T-cycle length on latency to entrainment loss showed a shorter latency in old hamsters in T = 24.9 compared to same-age animals in T = 24.7 (t = 6.33, df = 17, p < 0.001). The latency measure in young animals was also affected by the T-cycle length (t = 2.00, df = 15, p < 0.05, one-tailed). Because of the missing data, an indirect evaluation of latency to entrainment loss was made. A straight line was eye-fitted through the initial 8 days of stable activity onsets during the interval of free-running rhythmicity (T's were close to 24 hr at this time) between loss of entrainment and onset of re-entrainment. For each animal, the phase of activity onset based on this line (relative to clock time) was calculated on day 8.
The results for the two longer T-cycles are consistent with the latency data given above. The average phase (in arbitrary units) for old animals was earlier in each case: for T = 24.7, 9.16 ± 2.67 versus -1.86 ± 2.18 (t = 3.20, df = 14, p < 0.01); for T = 24.9, 11.17 ± 1.66 versus 4.94 ± 1.77 (t = 2.55, df = 19, p < 0.02). Comparison of the effects of T-cycle length on this phase measurement showed that old hamsters in T = 24.9 had an earlier phase than did same-age animals in T = 24.7 (t = 2.44, df = 17, p < 0.05). In contrast, the measured phase in young animals was not differentially affected by the T-cycle length (t = 0.67, df = 16). Nor was there a phase difference between the young and old animals that lost entrainment to T = 23.0: mean phase = 83.1 ± 20.1 versus 83.5 ± 22.6 (t = 0.015, df = 11).
EXPERIMENT 3 METHOD Adult male hamsters, retired breeders, arrived in the laboratory at 36 weeks of age. Young males arrived at the age of 12 weeks. Both groups were placed in running-wheel cages under constant light (LL) conditions at the same time, when the young animals were 22 weeks of age and the old animals were 60 weeks of age. The rhythm records were specifically examined for the presence of &dquo;splitting,&dquo; which was defined as occurring if the free-running rhythm (1) developed a second component (2) that free-ran at a different frequency (3) leading to stable synchronization of the two components about 180° apart (Pittendrigh and Daan, 1976b; Morin and Cummings, 1982 ). Figure 4 shows the dramatic difference in the proportion of young animals that developed split activity rhythm in LL and the proportion of old animals developing similarly split rhythms. The difference between the groups emerged by 50 days in LL, at which time 5 of the young animals had split, compared to none of the old animals. During the 120-day exposure to LL, only 1 of 21 old animals split, compared to 13 of 21 young animals (x2 -15.43, df = 2, p < 0.001).
Several measures pertaining to splitting were evaluated for the young animals. Latency to split onset was 58.2 ± 4.3 days; average number of daily transients before stable split was 17.6 ± 1.9. Mean T immediately prior to the split was 24.30 ± 0.06 hr, compared to 24.12 ± 0.03 hr after the split. For each young split animal, an old, adjacent, unsplit animal was matched for the calculation of T at a similar time. T for these old animals matched for time in LL was 24.21 ± 0.06 hr (vs. younger animals: condition (r = 0.62, z = 2.134, p < 0.02). Correlations between latency to split and T prior to split, between latency to split and T during the split, between number of daily transients to stable split and T during split, and between number of daily transients to stable split and T prior to split were not significant. '1..
DISCUSSION
i' &dquo;:. ~, The original observation by Pittendrigh and Daan (1974) that T of hamsters shortens with age was verified in Experiment 1. The present work shows that T of animals with access to wheels remains relatively steady at about 24.26 hr for about 26 weeks before beginning a gradual decline over the remaining lifetime to a circadian period approaching 24 hr. Wheel access, a complicating factor in the design of most studies that have evaluated the relationship between age and circadian period, had a minimal effect on animals of most ages. The exception was shown by the group introduced to wheels 21 weeks after blinding, which free-ran with a T somewhat longer than the T of animals that had been with wheels since blinding. The difference in T between the two groups was not large and was absent when T's were compared 8 weeks later.
If T shortens with age, then a prediction can be legitimately made that old animals will not entrain as well to long T-cycles as do young animals. Also, the old animals should entrain better to short T-cycles than young animals. In the former circumstance, the period difference between the external oscillation and the locomotor rhythm would be larger for old than for young animals, thereby facilitating earlier loss of entrainment. The reverse would hold with short T-cycles. The data show that the T-cycle experiment, as executed here, was not sufficiently sensitive to answer questions concerning the proportions of young versus old animals able to entrain to various T-cycles. Clearly, for each age, entrainment to the long T-cycles was more difficult to accomplish than it was to the short T-cycles. On the other hand, the latency to loss of entrainment differentiated between the two age groups. The old animals lost entrainment to T = 24.7 and T = 24.9 more rapidly than did the young animals. This result is consistent with the data of Davis et al. (1983) and with the present observation of shorter T's in older animals. No such difference in latency was found after exposure to short T-cycles, but this may simply reflect the high proportions of both ages remaining entrained with short T-cycles. The asymmetric pattern of loss of entrainment to T-cycles (Table 1) supports the idea that shorter T-cycles are stronger zeitgebers for hamsters than are longer T-cycles. The asymmetric pattern in the range of entrainment with 1-hr light pulses is similar in shape to that found by Elliott (1974) , although the present range of entrainment appears to favor shorter T-cycles by about 0.15 hr.
There was a very large effect of age on the likelihood of rhythm splitting. Splitting was negligible in old animals. Younger animals split with an incidence and latency previously seen in this laboratory (Morin and Cummings, 1982) . The likelihood of splitting declined with time in LL, asymptote being reached by 90 days. This corresponds to an age of 35 weeks for the &dquo;young&dquo; animals, at which time, according to the results from Experiment 1, T is steadily shortening. It is interesting to spec-ulate that the low incidence of splitting in the old animals is a consequence of a fundamentally shorter T in those animals. However, there are alternative explanations. Age may impair retinal function (Weale, 1963) , and light may not be perceived by old and young hamsters as having the same intensity. Although there are no data showing a light intensity dose-response curve for LL-induced splitting, splitting does not occur in constant darkness (Morin and Cummings, 1981) Morin, unpublished) . Therefore, an intensity threshold must exist below which LL will not be effective.
An argument against the proposition that short T blocks splitting can be made from the observed T's in LL. In this study, mean T of young animals prior to splitting did not differ from the mean T of matched old animals in LL. This means that neither splitting nor blockade of splitting is a simple consequence of the period expressed in LL. To reconcile this observation with the results of Experiment 1, it is necessary to argue that LL must lengthen T more in old animals than in young animals, in order to compensate for the general shortening of T in the old animals. If this is true, then it becomes necessary to differentiate clearly between the observed circadian period, T, and the mechanism, the circadian clock, which generates the basic rhythm upon which environmental stimuli can operate. The T seen in the blinded animals in Experiment 1 more closely represents the environmentally neutral state of the circadian clock because light, the most potent stimulus known to alter the period of the clock, is not exerting a daily effect on rhythm phase (Daan and Pittendrigh, 1976) .
A review of the literature concerning hamster longevity (Kirkman and Yau, 1972) indicates an average lifespan of 85.4 ± 8.7 weeks (range = 52-122 weeks) as calculated from 10 studies of normal, untreated males. The longevity of Group 5, most of the members of which died before gaining wheel access, was 82.9 weeks, equivalent to the mean above. The longevity difference observed between the wheelaccess and no-wheel-access conditions is consistent with the observed differences in body weight. In rats (Yu et al., 1982; Beauchene et al., 1986) and mice (Weindruch et al., 1982) , food restriction both reduces body weight and increases lifespan. In the present study, the stainless steel cage with food in a hardware cloth hopper apparently constituted a method of food deprivation in Group 5 (Schneider and Wade, 1987) . In contrast, animals with access to wheels were in plastic tubs with corncob bedding and were able to easily hoard all food pellets that fell, or were pulled, through the space between the wires of the cage lid. Such readily available food permitted increased intake and body weight. The observed effects of wheel access on body weight are also consistent with data showing that wheel access leads to an increase in weight (Borer, 1980) . Given the fact that the present experiments were not designed to control for differences in housing facilities on longevity or weight gain, it is possible that the results obtained reflect indirect effects of bedding, cleanliness, temperature, or other environmental conditions, rather than simple access to wheels or readily available food. Regardless, it is unlikely that the body weight changes themselves are related to the changes in T with age. We have previously reported that when unpalatable, quinine-adulterated diets force a reduction in food intake and body weight, there is no change in the T's of free-running animals (Morin et al., 1986) .
